The performance of the Hartree-Fock method and the three density functionals B3LYP, PBE0, and CAM-B3LYP is compared to results based on the coupled cluster singles and doubles model in predictions of the solvatochromic effects on the vertical n → * and → * electronic excitation energies of acrolein. All electronic structure methods employed the same solvent model, which is based on the combined quantum mechanics/molecular mechanics approach together with a dynamical averaging scheme. In addition to the predicted solvatochromic effects, we have also performed spectroscopic UV measurements of acrolein in vapor phase and aqueous solution. The gas-to-aqueous solution shift of the n → * excitation energy is well reproduced by using all density functional methods considered. However, the B3LYP and PBE0 functionals completely fail to describe the → * electronic transition in solution, whereas the recent CAM-B3LYP functional performs well also in this case. The → * excitation energy of acrolein in water solution is found to be very dependent on intermolecular induction and nonelectrostatic interactions. The computed excitation energies of acrolein in vacuum and solution compare well to experimental data.
I. INTRODUCTION
Theoretical considerations of solvatochromism have been a very active research area since the late 1950s. 1 Nevertheless, reliable protocols for calculating electronic transition energies and, in general, molecular properties of solvated molecules are still to be pursued. [2] [3] [4] [5] This is due to the fact that accurate calculations on large molecular systems as, for example, a solute plus an appropriate number of solvent molecules is, indeed, a very challenging task for electronic structure theory mainly due to its potentially high scaling. Therefore, models have been developed, in which the effect of the solvent on the solute is introduced by including effective operators in the molecular Hamiltonian. The effective models comprise the dielectric continuum models, 6, 7 which originate from the classical works of Onsager and Kirkwood, 8 and the combined quantum mechanics/molecular mechanics ͑QM/MM͒ models, which were first applied to study enzymatic reactions 9 and later extended to the calculation of excitation energies. 10, 11 Both the dielectric continuum and QM/MM methods have extensively been applied to investigate solvatochromic effects ͑see, for example, Refs. 2-5 and 12-32͒ with significant contributions to the development of general computational algorithms for modeling solvent effects.
Although the accuracy and flexibility of the solvent model is a very important aspect, the choice of the electronic structure method for calculation of electronic transition energies is also crucial. However, very little is, in fact, known concerning the performance and reliability of different ab initio methods to capture solvatochromic effects. For instance, the Hartree-Fock ͑HF͒ method is generally expected to give too high electronic absorption energies due to neglect of electron correlation. On the other hand, the application of accurate ab initio methods based on multiconfigurational and multireference approaches is limited due to their high computational cost, especially when introducing solvent molecules explicitly in the quantum chemical calculations. [33] [34] [35] [36] [37] Here, time dependent density functional theory ͑TDDFT͒ is very attractive because it provides a good ratio between accuracy and computational efficiency. However, the results based on TDDFT will depend on the applied exchangecorrelation ͑xc͒ functional. The purpose of this work is, therefore, to test the reliability of HF and mainly DFT methods in prediction of the solvatochromic effects in the electronic absorption energies.
Recently, we have developed a discrete QM/MM solvation model based on a coupled cluster ͑CC͒ description of the solute molecule and applied this model to study environmental effects on electronic excitation energies of solvated molecules. 4, [26] [27] [28] [29] 32 This model possesses the capability of explicitly including solvent polarization. In addition, the same a͒ solvent model may be applied in the situation where the solute is treated by using either HF or DFT. 30 Thereby, we are in a position where systematic benchmarks can be performed by using the CC based solvent model as the reference. In the present study we consider, in addition to the CC calculations, HF and DFT by using three xc functionals, namely, the B3LYP, 38 PBE0, 39, 40 and the recently developed Coulomb-attenuated B3LYP method ͑CAM-B3LYP͒, 41 which has been previously shown to provide significantly improved excitation energies as compared to the conventional B3LYP method. 42 We emphasize that our main focus is on comparison of different electronic structure methods while keeping other computational settings-basis set, molecular geometries, molecular mechanical potentials, etc.-unchanged. To introduce dynamical effects into the solvent model, we perform the electronic structure calculations on a number of solute-solvent configurations extracted from molecular dynamics ͑MD͒ simulations. The necessity of accounting for dynamical effects in the liquid by statistical averaging has, in recent years, proven to be mandatory for obtaining accurate predictions of solvent effects on molecular properties. The QM/MM approach allows a discrete description of the atomistic environment in the calculation and provides an accurate description of the electrostatic solutesolvent interactions. Recently, a comparison of the B3LYP, PBE0, and CAM-B3LYP xc functionals in predictions of the lowest singlet electronic excitation energy of coumarin derivatives in gas phase and solutions was reported. 43 However, this study used the dielectric continuum based solvent models and experimental data as a reference to gauge the performance of the methods.
In this work, we consider the lowest singlet n → * and → * vertical electronic absorption energies of s-trans acrolein ͑propenal͒ and the corresponding gas-to-aqueous solution shifts. Acrolein represents the simplest compound within the class of unsaturated aldehydes. The presence of the C v O and C v C double bonds in acrolein introduces a degree of conjugation in the molecule and makes the photophysics of acrolein particularly rich and interesting. Many experimental investigations have dealt with the UV absorption of acrolein. The n → * absorption of acrolein in the vapor phase exhibits a broad band between 3.20 and 5.00 eV, 44 with partially resolved vibronic structure, [44] [45] [46] and the maximum in the absorption intensity at 3.69 eV. [44] [45] [46] [47] In aqueous solution, the maximum intensity of this transition was observed in the region of 3.78-3.98 eV in Ref. 48 and at 3.94 eV in Refs. 47 and 49. The → * absorption of gaseous acrolein exhibits a broad structureless band, 50 and the peaks of the absorption intensity were observed at 6.41, 51 6.42, 47 and 6.49 eV. 50 The strongest → * absorption of acrolein in aqueous solution was observed at 5.90 eV. 47 Based on the experimental data reported in Ref. 47 , the n → * absorption is blueshifted by 0.25 eV going from gas phase to a water solution, whereas the → * transition is strongly redshifted by −0.52 eV. We note that n → * electronic absorption band is seen to be slightly blueshifted even in apolar solvents, e.g., by 0.01, 0.02, and 0.05 eV in isooctane, 47 n-hexane, 52 and 2-methyltetrahydrofuran 53 solutions, respectively, whereas the → * transition suffers a sizable gas-to-isooctane solution shift of −0.30 eV. 47 The latter observation indicates that the solvent shift in the electronic → * transition of acrolein is to some extent governed by intermolecular interactions of nonelectrostatic origin, and both electrostatic and nonelectrostatic intermolecular interactions tend to redshift the absorption maximum for this specific transition.
To provide new insight into somewhat outdated experimental data, we have carried out new experimental studies of the singlet n → * and → * electronic absorptions of acrolein in the gas phase and in aqueous solution by using a modern UV spectroscopic apparatus.
The gas-to-aqueous solution shift in electronic n → * absorption energy has previously been theoretically considered by using different electronic structure methods in combination with a variety of solvent models including a supermolecular approach, [54] [55] [56] the continuum solvation conductorlike screening model ͑COSMO͒, 57 reference interaction site model self-consistent field ͑RISM-SCF͒, 58 MD or Monte Carlo ͑MC͒ simulations followed by the QM/MM calculations 56, 59, 60 and QM/MM in combination with the polarizable continuum model ͑PCM͒. 61 In addition, the solvent effects on the → * absorption were studied in Refs. 54, 55, and 57, whereas Ref. 60 considered also the effect of water on the singlet n ← * emission of acrolein. The electronic absorption spectrum of acrolein in vacuum including both the n → * and → * transitions has recently been studied in Refs. 55 and 62 by using complete active space with second order perturbation theory ͑CASPT2͒ and symmetry-adapted cluster configuration interaction, respectively. To the best of our knowledge, the present work is the first attempt to elucidate solvatochromic effects in acrolein by using high-level CC theory.
II. METHODS

A. Experimental
UV spectra were recorded by using a Bruker IFS 66v/s Fourier Transform interferometer equipped with an UV extension package consisting of an external deuterium light source, a quartz beam splitter, and GaP-diode detector. Acrolein ͑stabilized with hydroquinone͒ from Merck was used without further purification. Two samples were prepared for use in obtaining the spectrum of acrolein in the liquid phase, one with 0.4% and another with 0.004% concentration of acrolein in water, respectively. This is related to the different ͑by a factor of 1000͒ intensities of the n → * and → * excitations. A 1 cm quartz cuvette was used for the measurements. The spectra of the liquid phases and of the cuvette containing only water were obtained by coadding 128 interferograms taken at a resolution of 12 cm −1 , and the Fourier transform was performed by using the Blackman-Harris three-term apodization function. Four spectra were taken on the same solution and these were averaged to give the final spectrum. For the gas-phase study, a small stainless steel cell, which is equipped with LiF windows and with a path length of 15 cm, was used. For additional information concerning the details of the cell, we refer to Ref. 63 . The cell was filled with acrolein vapor to a pressure of 60 mbar. The spectrum was obtained by coadding 128 interferograms at a resolution of 2 cm −1 .
B. Computational
Electronic structure calculations
A combined QM/MM scheme at the HF, DFT, or CC level of theory has been implemented 30, 64 in the DALTON quantum chemistry program ͑QCP͒. 65 The implementation allows the use of either nonpolarizable or polarizable MM potentials. On this basis, we are, thereby, able to compare the performance of both types of classical force fields in the calculation of solvatochromic effects in acrolein. For the nonpolarizable potential, the QM subsystem is polarized by the electric field generated by atomic partial point charges of fixed magnitudes assigned to the classical molecules in the MM subsystem. In contrast, the polarizable MM potential also includes, in addition to the point charges, electronic dipole polarizabilities, which give rise to induced dipole moments in the classical subsystem. The induced dipole moments are also affected by the electronic and nuclear charge distribution of the QM subsystem, which means that the QM and MM subsystems are allowed to mutually polarize each other. In the optimization of the wave function ͑electronic density͒, an additional iterative procedure for obtaining selfconsistency between the electronic density and the induced dipole moments must, therefore, be used. Although the explicitly polarizable model is more realistic, it is at the same time more computationally demanding as compared to the case where only the nonpolarizable potential is used.
We use linear response theory [66] [67] [68] to calculate the vertical electronic excitation energies, both in the vacuum and in the liquid phase. Response theory provides vertical electronic excitation energies as poles of the linear response function. The advantage of using response theory to calculate excitation energies is due to the fact that only the wave function of the electronic ground state needs to be explicitly considered. Particularly, response theory provides a way to obtain excitation energies from DFT even though DFT in its present standard form is a ground state theory. We also calculate the transition oscillator strengths that are obtained as residues of the electric dipole linear response function.
In this work, we compare the performance of the HF, B3LYP, 38 PBE0, 39, 40 and CAM-B3LYP ͑Ref. 41͒ approaches for the calculation of the solvatochromic effects and we consider the CC singles and doubles ͑CCSD͒ model as a reference. To obtain highly accurate excitation energies of acrolein in vacuum, the CC3 model 69 has also been employed. In the case of the CAM-B3LYP xc functional, the parameters ␣ and ␤ modifying the fraction of the exact HF exchange for short-and long-range interactions have been assigned values of 0.19 and 0.46, respectively, and the switching factor is equal to 0.33 as proposed in the original work. 41 In the calculation of excitation energies at the CC level, we freeze the lowest orbitals ͑those of 1s character͒ for all heavy atoms in the molecular system. The molecular geometries are obtained from geometry optimization at B3LYP level of theory by using the GAUSSIAN 03 program 70 and at CCSD or CCSD with perturbative treatment of triples ͓CCSD͑T͔͒ levels by using the DALTON QCP in combination with the aug-cc-pVTZ basis. 71 The QM/MM scheme is applied for the molecular solute-solvent configurations extracted from the classical MD simulation ͑vide infra͒. The solute, or potentially the solute and a number of closest solvent molecules, is considered at the selected electronic structure method, whereas the rest of the solvent molecules are described by the MM potential. In the QM/MM calculations, we used the same force field for the water molecules as was employed in the MD simulation. The molecular properties in aqueous solution are obtained as a statistical average over a number of molecular configurations. The gas-to-aqueous solution shift in excitation energy is determined as a difference between excitation energies in aqueous solution and vacuum. The MIDASCPP program 72 is used to create inputs for the combined QM/MM calculations and to perform the statistical analysis of the results.
MD simulations
We have conducted classical MD simulations of 1 rigid acrolein molecule and 511 rigid water molecules by using the MOLSIM program. 73 The liquid-phase geometry of acrolein was obtained from geometry optimization at the B3LYP/augcc-pVTZ level of theory, and the PCM model was applied to account for the bulk solvent effects ͑geometrical parameters will be given and discussed in the next section͒. Default settings of the PCM were always used for the water solvent as implemented in GAUSSIAN 03. The molecular geometry of a water molecule ͑R OH = 0.9572 Å and Є HOH = 104.49°͒ was taken from Ref. 74 . The MD simulations were performed using either the nonpolarizable simple point charge ͑SPC͒ or the polarizable SPC plus polarization ͑SPCpol͒ force field. The force field parameters used in the simulations of both types are collected in Table I . The atom labeling used for acrolein is introduced in Fig. 1 . For the nonpolarizable potential, the partial atomic point charges of acrolein were fitted to reproduce the QM electrostatic potential according to the CHELPG procedure 75 at the B3LYP/aug-cc-pVTZ/PCM level by using the GAUSSIAN 03 program. In addition, the electric dipole moment was constrained to its QM value. Herein, the PCM model is applied so that the point charges implicitly include the polarization due to the solvent. In the polarizable MD simulation, we use the CHELPG point charges calculated at the B3LYP/aug-cc-pVTZ level in vacuum employing the constraints for the dipole moment, and the solvent polarization is now modeled by assigning isotropic dipole polarizabilities to the atomic sites of the molecule. The atomic polarizabilities were calculated at the B3LYP/aug-ccpVTZ level in vacuum by using the LOPROP approach 76 implemented in the MOLCAS program. 77 The polarizabilities derived from the LOPROP scheme implicitly include the many body polarization effects within the acrolein molecule, and the polarization interactions are only allowed among induced dipole moments located on different molecules. The nonelectrostatic intermolecular interactions are modeled by using a 6-12 type Lennard-Jones ͑LJ͒ potential and Lorentz-Berthelot mixing rules. For acrolein, we use LJ parameters as reported in Ref. 56 . For water, we employ the standard nonpolarizable TIP3P potential 78 or the polarizable force field by Ahlström et al. 79 In the latter case, the isotropic dipole polarizability is placed at the oxygen site of the water molecule.
Both the SPC and SPCpol MD simulations were performed in a cubic box within the NVT ensemble at the temperature of 298.15 K. The box side was fixed to 24.892 Å to reproduce the experimental density of liquid water. We employ periodic boundary conditions together with a spherical cutoff distance for the electrostatic interactions at half box length. To account for the long-range and polarization interactions, a reaction-field correction is considered. For the polarizable potential, the induced dipole moments were recalculated at every third time step with a relative tolerance of 10 −7 . Also, we employ a linear damping scheme for the dipole-dipole interactions as described in Ref. 80 . The initial equilibration was carried out for 400 ps with a time step of 2 fs followed by the production run of 1.2 ns. The configurations were dumped every 10 ps to assure that they are statistically uncorrelated. We, thus, obtained 120 molecular configurations to use in the subsequent QM/MM calculations. Furthermore, a spherical cutoff distance equal to 12 Å is applied for every configuration before submitting it to the QM/MM calculation. Such a cutoff distance includes 230-240 water molecules together with acrolein.
III. RESULTS AND DISCUSSION
A. UV spectroscopic measurements
The recorded n → * electronic absorption spectra of acrolein in vapor phase and aqueous solution are shown in Fig. 2 . The maximum in the absorption peak is observed at 29 800 ͑3.69 eV͒ and 31 800 cm −1 ͑3.94 eV͒ in the gas-and liquid-phase spectra, respectively. The obtained results are in excellent agreement with the previously reported experimental data. [44] [45] [46] [47] 49 Therefore, the gas-to-aqueous solution shift in the n → * absorption energy of acrolein is measured to be 0.25 eV.
The → * absorption spectrum of acrolein in water solution is shown in Fig. 3 . We note that in these measurements, we have used a liquid sample with a concentration of acrolein lower by a factor of 1000 than that in the measurements of the n → * transition. This is related to the much higher intensity of the → * electronic transition of acrolein as compared to the intensity of the n → * transition. The maximum absorption in the → * excitation is ob-TABLE I. The force field parameters for acrolein and water used in the MD simulation. The atom labeling for acrolein is introduced in Fig. 1 . The same LJ parameters for acrolein are used in both the SPC and SPCpol MD simulations. The SPC potential for water is the TIP3P force field ͑Ref. 78͒. In the case of the SPCpol potential for acrolein, distributed isotropic polarizabilities are included. served at 47 500 cm −1 ͑5.89 eV͒ and is in good agreement with the previously reported value of 5.90 eV. 47 The spectrum shown in Fig. 3 was taken close to the upper limit of the spectrometer and, therefore, a degree of noise is present in the spectrum.
We were not able to record the → * transition of acrolein in gas phase because of the technical limitations of the experimental setup. Therefore, we rely on the solvent shift in the vertical → * excitation energy of acrolein equal to −0.52 eV as reported in Ref. 47 . A detailed analysis of the recorded spectra is beyond the scope of present study.
B. The n \ * and \ * excitations in vacuum
In Table II , we have collected all the geometrical parameters of acrolein ͑C s symmetry͒ as used in this work. Experimental structural data of gaseous acrolein 81, 82 is also included in Table II . As a gas-phase reference, we use the acrolein geometry optimized at the B3LYP/aug-cc-pVTZ level of theory. As seen from Table II, the optimized B3LYP geometry of acrolein compares reasonably well to the experimental gas-phase structure, although the C v O and C v C double bond lengths are found to be somewhat underestimated. The liquid-phase geometry of acrolein is derived from B3LYP/aug-cc-pVTZ/PCM geometry optimization. The inclusion of solvent effects by the PCM model in the geometry optimization leads to a lengthening of the C v O and C v C double bonds, whereas the C-C single bond is shortened. This indicates an increased conjugation in the liquid-phase structure of acrolein as compared to that in vacuum.
In Table III , we show the n → * and → * excitation energies of isolated acrolein calculated by using CAM-B3LYP or CCSD in combination with different Dunning-type correlation consistent basis sets. 71, 83 At the CAM-B3LYP level, both the n → * and → * excitation TABLE II. Geometrical parameters ͑in Å and deg͒ of acrolein optimized at various levels of theory in vacuum and by using the PCM. The aug-cc-pVTZ basis set was used in all cases. The atom labeling for acrolein is introduced in Fig. 1 . Also given are the experimental gas-phase structural data. energies are found to be converged within a few hundredths of an eV using the aug-cc-pVDZ basis. The n → * excitation energy is also well converged using the aug-cc-pVDZ basis at the CCSD level. A somewhat larger change in the → * excitation energy is observed by using CCSD when the basis is changed from double-to triple-quality. However, the effect of double augmentation acts here in the opposite direction but possesses almost the same magnitude as compared to the case where the cardinal number is changed from 2 to 3 ͑compare the CCSD aug-cc-pVDZ and d-aug-cc-pVTZ results in Table III͒ . The aug-cc-pVDZ basis set, thus, provides fairly well converged CCSD n → * and → * absorption energies of acrolein and will be exclusively used in the following calculations of excitation energies.
To evaluate the effect of triple excitations in the CC expansion, we have included in Table III the result for the excitation energies of acrolein obtained at the CC3/aug-cc-pVDZ level. As seen in Table III , the effect of triple excitations is to lower the n → * and → * excitation energies by 0.135 and 0.185 eV, respectively, as compared to the corresponding CCSD results. The neglect of triple excitations in the CCSD calculation represents, therefore, one of the largest uncertainties in the absolute values of the excitation energies calculated both in the vacuum and in the liquid phase. However, this effect is expected to some extent to be cancelled in the calculation of the gas-to-aqueous solution shift in excitation energies.
The discrepancies between theoretical and experimental results in Table III could, to some extent, be attributed to the inaccuracies in the B3LYP based geometry of acrolein. As mentioned above, the B3LYP method underestimates the lengths of the C v O and C v C double bonds as compared to experimental data ͑see Table II͒. In fact, the n → * excitation energy of acrolein was found in Ref. 61 to be rather dependent on the length of the C v O bond. The high sensitivity of the n → * transition energy on the distance of the C v O double bond length is likely to be a general feature of molecules containing this specific chemical group. For instance, this has previously been observed in the case of acetone. 4, 18, 84 In Fig. 4 , we show the dependences of the n → * and → * electronic excitation energies of acrolein on the C v O or Cv C bond lengths. The C v O and C v C bond distances were varied between their values found in vacuum and PCM, and all other geometrical parameters were fixed to have their B3LYP optimized values in vacuum. As seen from Fig. 4 , the lengthening of both the C v O or C v C bonds leads to the reduction in the excitation energies. By enlarging the C v O bond length by 0.01 Å, the n → * excitation energy is lowered by 0.046 eV, whereas the corresponding lengthening of the C v C double bond results in the reduction in the → * absorption energy by 0.055 eV. We, therefore, conclude that slight changes in the molecular geometry have a non-negligible impact on the calculated vertical excitation energies of acrolein.
To explore the geometrical effects on excitation energies of acrolein in more detail, we have optimized the geometry of acrolein by using high-level CCSD and CCSD͑T͒ electronic structure methods and the aug-cc-pVTZ basis set. The CC optimized geometrical parameters of acrolein are given in Table II . In particular, the acrolein geometry optimized at the CCSD͑T͒ level of theory compares very well to the experimentally determined structure of acrolein, and only the C-C single bond length is found to be somewhat overestimated.
In Table IV , we present the results for the n → * and → * excitation energies calculated by using different electronic structure methods on acrolein geometries derived from the B3LYP, CCSD, and CCSD͑T͒ geometry optimizations. Experimental results are also included in Table IV . In all cases, the n → * excitation energy is found to be slightly larger and the → * slightly smaller in the case of CCSD optimized geometry of acrolein compared to the B3LYP based geometry. The smallest magnitudes of the excitation energies are found for the CCSD͑T͒ geometry of acrolein, as could be expected from geometrical considerations. The HF method is seen to overestimate the n → * excitation energy by ϳ0.8-0.9 eV as compared to experiment, although it unexpectedly provides a reasonably accurate value for the → * transition energy, especially in the case of the accurate CCSD͑T͒ based geometry of acrolein. The B3LYP and PBE0 xc functionals, on the other hand, underestimate the excitation energies in all cases, with somewhat better performance of the latter functional. The CAM-B3LYP method provides a very accurate estimate of the n → * excitation energy for the CCSD͑T͒ based acrolein geometry as compared to both experimental data and corresponding CC3 predictions ͑see Table IV͒. The computed CAM-B3LYP → * absorption energy for the CCSD͑T͒ geometry possesses now a smaller magnitude as obtained for the B3LYP optimized geometry. The very good agreement between the experimental and the CAM-B3LYP results obtained for the B3LYP optimized geometry of acrolein is, therefore, to some extent incidental.
The CCSD model provides overestimated excitation energies ͑see Table IV͒ , and the changes in the excitation energy due to different geometries of acrolein are much smaller than discrepancies with respect to experimental data. The CC3 model provides improved excitation energies of acrolein upon the corresponding CCSD results. In particular, the calculated CC3 n → * absorption energy agrees well with experimental data. The CC3 method still overestimates the → * excitation energy by 0.226 eV, but the comparison with experiment is also subject to some limitations. There are two aspects which make the comparison between experimentally determined and theoretically computed vertical excitation energies difficult. First, the electronic absorption bands in the experimental UV spectrum are usually very broad. The vertical excitation energies are then assumed to be at the point where the maximum absorption occurs, and this is of course an approximation. Second, measured electronic transitions occur between vibronic ͑or rovibronic͒ energy levels in the molecule. However, response theory provides excitation energies as vertical transitions between two points on the potential energy surfaces of the ground and excited states, and vibrational effects are, therefore, not accounted for in the calculation, including the difference in zero-point energy and the deviation from a simple Frank-Condon picture. A well-founded comparison of experimental and theoretical vertical excitation energies is, therefore, difficult to achieve. Very accurate and reliable estimates for the 0-0 electronic transitions compared to experimental data are, however, possible, but it is usually important to utilize highly correlated electronic structure methods along with diffuse and flexible basis sets. 85 In this particular case, the energy interval having more than two-third of the maximum absorbance extends over ϳ0.5 eV for both states ͑see Figs. 2 and 3͒ , which clearly indicates the limitation of a one-to-one comparison between the peak of maximum absorption and the theoretical vertical excitation energy.
C. Benchmark of HF and DFT against CCSD predicted solvatochromism
In this section, we proceed to discuss the large-scale QM/MM calculations by using different electronic structure methods. First, we have to address the issues related to the convergence of the results with respect to ͑a͒ the number of solvent molecules included in the molecular configurations, ͑b͒ the number of configurations to average over, and ͑c͒ the number of solvent molecules explicitly included into the QM region around the solute. The latter point is particularly informative because it enables us to draw important conclusions about the nature of intermolecular interactions causing certain solvent effects. It should, however, be noted that upon inclusion of specific water molecules into the QM region, we improve the description of the electrostatics as well as account for interactions of nonelectrostatic origin.
As mentioned in the previous section, we use in this work a spherical cutoff radius of 12 Å and, therefore, include ϳ230-240 water molecules together with acrolein in the molecular configuration. According to our test calculations and findings in previous studies, 27, 32 this number of water molecules is, indeed, sufficient to obtain converged results. In Fig. 5 , we show the convergence of the statistically averaged n → * and → * vertical absorption energies of acrolein with respect to the number of molecular configurations included into the averaging. The excitation energies begin to converge with 70 configurations, and including around 120 molecular configurations into the averaging procedure provides apparently sufficiently converged results. In this work, we, thus, always use 120 molecular solute-solvent configurations in the averaging of the QM/MM results.
In Table V , we show the convergence of the excitation energies with respect to the number of water molecules quantum-mechanically treated together with acrolein. In this study, we used the CAM-B3LYP xc functional, the aug-ccpVDZ basis set, and the TIP3P potential for the classical water molecules. The molecular configurations are taken from the SPC MD simulation. Spherical integration of the TABLE IV. Vertical n → * and → * electronic absorption energies ͑in eV͒ of acrolein calculated by using HF, B3LYP, PBE0, CAM-B3LYP, CCSD, and CC3 electronic structure methods in combination with the aug-cc-pVDZ basis set. The geometries of acrolein as indicated in the second column were obtained from B3LYP, CCSD, or CCSD͑T͒ geometry optimizations in vacuum. The basis set used in the geometry optimization was aug-cc-pVTZ. Also included are the corresponding experimental gasphase results.
Method
Geometry first peak in the O ͑acrolein͒-H͑water͒ SPC or SPCpol radial distribution functions ͑RDFs͒ shown in Fig. 6 gives coordination numbers equal to 2.17 and 1.90, respectively. Our results are, thus, in agreement with the coordination number of 2.1 found from a previous SPC-type MD simulation 59 of acrolein in water. The coordination number derived here represents an upper bound to the averaged number of hydrogen bonds formed between acrolein and water. We have also analyzed the acrolein-water hydrogen bonding by using geometrical criteria for the hydrogen bond. 86, 87 We define the hydrogen bond between acrolein and a water molecule for R͓O͑acrolein͒ -O͑water͔͒ ഛ 3.18 Å and Є͓O͑acrolein͒ -O͑water͒ -H͑water͔͒ ഛ 45°. This definition of the hydrogen bond is based on the analysis of the O͑acrolein͒-O͑water͒ radial and O͑acrolein͒-O͑water͒-H͑water͒ angular distribution functions. According to this geometrical analysis of the SPC and SPCpol based molecular configurations, acrolein forms on average 1.99 and 1.69 hydrogen bonds with water, respectively.
Based on the discussion above, we thereby begin the convergence analysis by including the two water molecules closest to the oxygen atom site of acrolein in the QM region. As seen from Table V, the n → * transition energy is now found to be somewhat increased in magnitude by 0.013 eV as compared to the case where all water molecules are classically treated, whereas the → * absorption energy is decreased by 0.071 eV. Due to the presence of the highly polarizable delocalized -electron system in acrolein, it might be important, especially for the → * transition, to quantum-mechanically describe not only the hydrogen bonding but also the water molecules surrounding the -electron shell of acrolein. We, thus, have included into the QM region two water molecules now closest to the middle point of the C v C double bond and not the ones closest to the oxygen atom site. As shown in Table V, the n → * excitation energy is now slightly decreased and the → * transition is downshifted almost by the same magnitude as previously seen in the case where acrolein-water hydrogen bonding was treated at the QM level. By including four water molecules in the QM part-two closest to the oxygen site and two to the midpoint of the C v C bond-the n → * excitation is increased by 0.010 eV with respect to the purely classical treatment of the solvent and the → * transition energy is decreased by 0.141 eV. Further inclusion of water molecules into the QM region leads only to small changes in the n → * excitation energy within statistical errors, and overall, the solvent shift in the n → * excitation energy is, thereby, mainly due to electrostatic solute-solvent interactions. This has also been indicated in Ref. 61 .
A more complex situation is found for the → * electronic transition. In this case, the inclusion of explicit water molecules in the QM region leads to a considerable decrease in the magnitude of the → * transition energy of acrolein in water solution. The convergence here is very slow. As shown in Table V and illustrated in Fig. 7 , the → * exci- tation energy is seen to be hardly converged even for as many as 12 water molecules included around acrolein in the QM part. The spherical integration of the first peak in the acrolein-water center-of-mass RDF gives the number of water molecules in the first solvation shell as 24 for both SPC and SPCpol MD simulations. Thus, more than half of the first solvation shell has to be quantum-mechanically described to obtain fully converged results. We note that the convergence pattern obtained by using the polarizable potential is qualitatively the same, as shown in Fig. 7 . As will be discussed later, a very good agreement between the experimental and QM/MM results based on a classical description of all water molecules, by either the nonpolarizable or polarizable potentials, for the n → * transition was found. This indicates that the charge distribution of each water molecule is accurately described by using the current force fields. Thereby, we conclude that a significant part of the solvent shift in the → * transition energy is caused by nonelectrostatic intermolecular interactions. Due to the particularly high scaling of the CC methods, only a limited number of water molecules can be included in the QM part of the CC/MM calculation. At best, our present computational resources allow us to treat three water molecules together with acrolein at the CCSD level of theory. To compare the HF, DFT, and CCSD methods for predicting solvatochromism, we report statistically averaged results where none or three water molecules-one water molecule closest to oxygen atom and two closest to the midpoint of the C v C bond in acrolein-are included in the QM region. Even though three quantum-mechanically described water molecules do not represent fully converged results for the → * transition energy, the induced changes in the → * excitation energy are prominent, as seen in Table V . Therefore, we are in the position to fully compare the ability of different electronic structure methods to describe solvatochromic effects, which is the main purpose of this study, since all computational settings apart from the different electronic structure methods are kept to be the same. Later, based on the results of the comparison, we give our best estimates for the n → * and → * excitation energies of acrolein in water solution and the corresponding gas-to-aqueous solution shifts achieved by including a larger number of water molecules in the QM region of the model.
The n \ * transition
In Table VI , we have collected the statistically averaged gas-to-aqueous solution shifts for the n → * excitation of acrolein based on the QM/MM calculations by using HF, DFT, and CCSD electronic structure methods. The classical water molecules are treated by using either the TIP3P or SPCpol potentials, and in addition, we report results where three water molecules together with acrolein are described by using electronic structure theory as described in previous section. As seen from Table VI, the results obtained for different water force fields are rather similar, and the polarizable force field leads to somewhat smaller solvent shifts. We also observe that for both types of potentials, the inclusion of explicit water molecules into the QM region has a slight upshifting effect, but the differences here are within the statistical errors. Therefore, the use of a polarizable potential for the water molecules does not change the conclusion on the electrostatic origin of the solvent shift in the n → * electronic transition of acrolein. The dominance of the electrostatic contribution to the solvent shift in the n → * electronic excitation has also been observed in the case of acetone. 88, 89 Compared to the CCSD predictions, HF is found to give considerably overestimated values for the solvent shift in the n → * electronic transition. Also overestimated are the absolute magnitudes for the excitation energies in gas phase and solution ͑see Tables IV and VI͒. We, therefore, find that the HF approach is insufficient for providing an accurate description of the n → * excitation of acrolein in vacuum and water solution. The three DFT xc functionals considered provide very similar results for the solvent induced shifts. These shifts are slightly larger as compared to the corresponding CCSD based shifts. It is seen from Table VI that the CAM-B3LYP solvent shifts are by ϳ0.01 eV smaller compared to B3LYP and PBE0, which give essentially the same results for the shifts, and they are consequently closer FIG. 7 . The convergence of the vertical → * electronic absorption energy with respect to the number of water molecules quantum-mechanically treated. Results refer to CAM-B3LYP/aug-cc-pVDZ, and the TIP3P potential was used for classical water molecules.
TABLE VI. Gas-to-aqueous solution shifts in vertical n → * electronic excitation energy ͑in eV͒ of acrolein calculated by using various electronic structure methods and classical force fields. None or three water molecules-one closest to O atom site and two closest to midpoint of the C v C bond-are included into the QM region in the QM/MM model. Results are statistical averages over 120 molecular configurations, and the statistical errors are calculated as / ͱ N ͑ is the standard deviation͒. Gasphase references for each electronic structure method are given in Table IV for the B3LYP based gas-phase geometry of acrolein. to the CCSD results. Overall, the agreement between the three xc functionals and CCSD solvent shifts is considered as fairly good and, therefore, DFT is seen to provide reliable results for the solvent shifts in vertical n → * excitation energies of acrolein. By inspecting the results for vacuum excitation energies in Table IV , we expect the absolute n → * excitation energies based on B3LYP and PBE0 to be underestimated as compared to the CC results. However, the CAM-B3LYP xc functional is promising in predicting the n → * excitation energies in vacuum and solution as indicated by the close agreement with vacuum CC3 absolute excitation energies and the reasonable agreement with the CCSD solvent shifts. In this work, we concentrate on the solvent effects on excitation energies and, therefore, we only briefly discuss the oscillator strengths. The oscillator strengths of the n → * electronic transition of acrolein calculated at the HF, DFT, and CCSD levels in vacuum and solution are given in Table VII . However, we did not calculate the oscillator strength by using the CCSD method when explicit water molecules are quantum-mechanically treated because of the computational demands. The liquid-phase results for oscillator strengths obtained by using either TIP3P or SPCpol potentials for water molecules are identical. As seen from Table VII, the three xc functionals and CCSD give very similar results, whereas HF oscillator strengths are around two times larger as compared to DFT and CCSD. There is a tendency for the oscillator strengths to be slightly increased when going from gas phase to aqueous solution. The magnitude of the n → * oscillator strength in the condensed phase is found to be mainly governed by the electrostatic intermolecular interactions.
The \ * transition
In Table VIII , we have collected the gas-to-aqueous solution shifts in vertical → * excitation energy of acrolein calculated by using different electronic structure methods in exactly the same manner as the n → * solvent shifts given in Table VI . As expected, the magnitude of the solvent shift in the → * excitation energy is increased at all levels of theory when three water molecules together with acrolein are quantum-mechanically considered. However, we note that the effect of nonelectrostatic interactions is more pronounced in the case of the nonpolarizable water potential. In general, the solvent shifts calculated by using polarizable force field are roughly by a factor of 1.5 larger as compared to the shifts obtained from the nonpolarizable QM/MM calculation. Keeping in mind the experimental → * gas-to-aqueous solution shift of −0.52 eV, we expect the intermolecular induction interactions, which in the QM/MM scheme are effectively handled via the polarizable potential, to be important for accurate predictions of the → * -type excitation energies of molecules in liquid phase.
It is evident from Table VIII that the HF method, in contrast to the case of the n → * transition, underestimates the solvent shift in the → * excitation energy and also, the effect of nonelectrostatic interactions is found to be smaller as compared to CCSD. The B3LYP xc functional provides even smaller → * solvent shifts than the HF method. The PBE0 functional performs slightly better than B3LYP, but the results are still of HF quality. Moreover, when explicit water molecules are included in the QM region, a mixing in the order of excitations takes place at B3LYP and PBE0 levels of theory, and each molecular configuration has to be inspected to find the position of the → * transition. This indicates the incapability of the B3LYP and PBE0 methods to correctly predict the magnitudes and order of the high-lying excitation energies of molecules in solution. Additional support for this conclusion can be found in a recent study of the n → * and → * excitations of the uracil molecule in aqueous solution. 90 In that work, the gas-to-aqueous solution ABLE VIII. Gas-to-aqueous solution shifts in vertical → * electronic excitation energy ͑in eV͒ of acrolein calculated by using various electronic structure methods and classical force fields. None or three water molecules-one closest to O atom site and two closest to midpoint of the C v C bond-are included into the QM region in the QM/MM model. Results are statistical averages over 120 molecular configurations, and the statistical errors are calculated as / ͱ N ͑ is the standard deviation͒. Gas-phase references for each electronic structure method are given in Table IV for the B3LYP based gas-phase geometry of acrolein. shift in the → * electronic absorption energy was found to be −0.02 eV by treating all the solvent molecules by the SPC-type potential and by employing the B3LYP description for the uracil, whereas the experimental value is ϳ−0.30 eV. Based on our findings, the large discrepancy between theoretical and experimental results might be attributed to ͑a͒ the use of the inappropriate B3LYP xc functional and ͑b͒ neglect of induction and nonelectrostatic solutesolvent interactions. A much improved result of −0.20 eV was obtained by treating nine water molecules together with uracil at the B3LYP level. In contrast to B3LYP and PBE0 functionals, the CAM-B3LYP functional is seen to provide solvent shifts in the → * excitation of acrolein in very good agreement with the corresponding CCSD results, especially when a number of water molecules is quantum-mechanically described together with acrolein. In addition, the → * transition is now the second lowest excited state in all molecular configurations, showing the great capacity of the CAM-B3LYP method to predict the high-lying excitation energies of solvated molecules in an efficient and reliable manner. The success of the CAM-B3LYP xc functional is attributed to the improved long-range behavior of the exchange potential compared to the conventional DFT functionals. However, the CAM-B3LYP and CCSD methods recover only around 80% of the experimental solvent shift equal to −0.52 eV. To improve the agreement, a larger number of solvent molecules around the solute have to be considered at the QM level ͑recall Fig. 7͒ . While this is hardly possible at the CC level of theory, the CAM-B3LYP xc functional in combination with the polarizable water potential, thus, represents a reliable and cost-effective alternative.
Accurate theoretical predictions of the excitation energies of solvated molecules require a high level of theory as well as a reliable solvent model and may possibly involve dynamical averaging. Therefore, such calculations are usually very time consuming. To speed up the procedure, one could calculate the absolute magnitude of the excitation energy of the molecule in vacuum by using an expensive and accurate method, whereas the solvent shift could be obtained from the computations at a lower level of theory. The excitation energy in solution is then obtained as a sum of the calculated gas-phase absorption energy and solvent shift, assuming that the latter is independent of the electronic structure method employed. This is, for example, the essence in the ONIOM model. 91 However, the findings of the present study imply that such an approach might lead to erroneous results because different electronic structure methods can describe solvent effects on excitation energies with varying quality, as exemplified in Table VIII . This might also apply to other properties than the excitation energies. For instance, very recently, we have demonstrated that different electronic structure methods and even different xc functionals can lead to very different results for the shifts in the NMR isotropic shielding constants due to hydrogen bonding, implying similar conclusions to be valid for the solvent shifts. 92 We do not discuss here the oscillator strengths of the → * transition of acrolein in vacuum and solution because we find these not to be converged by using the aug-cc-pVDZ basis set at the CCSD level, and at least, the basis of triple-quality is required for converged results. Further complications are related to the rather difficult convergence of the oscillator strengths with respect to the number and position of the water molecules included into the QM region.
D. Comparison to experimental data
In Table IX , we compare a selection of our results for the n → * and → * excitations of acrolein in vacuum and aqueous solution to the experimental data. In the case of the n → * transition, we give only the statistically averaged liquid-phase results obtained by using the polarizable SPCpol potential for water, since, as seen in Table VI , the SPC and SPCpol potentials lead to much similar n → * excitation energies in solution. Compared to experimental data, all DFT xc functionals considered lead to very accurate predictions of the solvent shift in the n → * absorption of acrolein. The CCSD model is also seen to perform very well, and only the HF method gives severely overestimated solvent shift. The absolute magnitudes of the n → * excitation energy calculated by using DFT are in very satisfactory agreement with experimental data, the PBE0 functional exhibiting perhaps the best performance. However, the results here may intrinsically contain inaccuracies due to the B3LYP optimized gas-and liquid-phase geometries of acrolein. As seen in Table IV , the absolute excitation energies are lowered for the highly accurate CCSD͑T͒ optimized vacuum geometry of acrolein compared to that based on B3LYP and, therefore, we expect the CAM-B3LYP to be superior among the considered xc functionals in the calculation of the n → * excitation energy in acrolein. The HF approach, as expected, gives significantly overestimated n → * excitation energies of acrolein ͑Table IX͒. CCSD also severely overestimates this transition. A good agreement between theoretical CC and experimental n → * excitation energies is possible provided that the triples excitations in the CC expansion are taken into account. However, we emphasize that the inaccuracies in the calculation of the excitation energy in vacuum and liquid phase due to, for instance, inaccurate molecular geometries or neglect of triples excitations tend to cancel in the calculation of the solvent shift.
As demonstrated and previously discussed, the → * excitation energy of acrolein in aqueous solution shows a high sensitivity to the nonelectrostatic intermolecular solutesolvent interactions ͑see Fig. 7͒ . We have, therefore, carried out the extensive calculation of the n → * and → * excitation energies of acrolein in liquid phase where we include 12 water molecules in the QM region by using the CAM-B3LYP xc functional, which was previously shown ͑see Table VIII͒ to give reliable results of CCSD quality for the → * excitation energy of acrolein in aqueous solution. The results are shown in Table IX . A very prominent finding in Table IX is that the CAM-B3LYP xc functional gives very accurate absolute → * excitation energies of acrolein in vacuum and solution. By using the SPCpol potential, the computed solvent shift of −0.46Ϯ 0.01 eV is still somewhat underestimated with respect to the experimental data. The solvent shift equal to −0.43Ϯ 0.01 eV is obtained when the nonpolarizable SPC potential ͑and molecular configurations from the SPC MD simulation͒ was employed. We have also performed the QM/MM calculation by using the SPCpol water potential on the molecular configurations taken from the SPC MD simulation. The solvent shift is now equal to −0.47Ϯ 0.01 eV and slightly higher compared to the case where the SPCpol water potential was used in consistent way, that is, the same potential in the MD simulation and in the QM/MM calculation. This is due to the larger intensity of hydrogen bonding between acrolein and water in the case of the SPC MD simulation, as seen in Fig. 6 . We, therefore, again are left with the conclusion that the polarizable potential is important to use for the accurate prediction of the → * excitation energy of solvated molecules.
The remaining discrepancies between the experimentally observed and theoretically calculated solvent shifts in the → * excitation are likely partly due to imperfections in the MM potential of acrolein used in the MD simulation and partly due to imperfections in the comparison of theory and experiment as to what is the meaning of the energy of maximum absorption. In addition, even though we use the CAM-B3LYP xc potential in the QM/MM calculations with a substantial number of water molecules quantummechanically treated, problems related to the long-range solute-solvent dispersion interactions might persist.
E. Comparison to other computational approaches
In Table X , we present some previously published theoretical results for the n → * and → * excitation energies of acrolein in vacuum and aqueous solution along with the results of the present study and experimental data. Interestingly, the continuum based solvent models lead to relatively good results for solvent shift in the n → * excitation. 55, 57 However, when a more realistic situation, that is, a molecular aggregate consisting of acrolein and two hydrogen-bonded water molecules, is considered, the solvent shift is severely overestimated, 55, 61 showing the failure of the supermolecular approach in this case. All studies which involve the dynamical averaging of the results over a number of molecular configurations show fairly accurate and stable results for the n → * solvent shift, although the shifts in Refs. 56, 59 , and 60 are somewhat underestimated with respect to the experimental value. We want to emphasize that the solvent shifts in the n → * excitation energy calculated by using a variety of electronic structure methods are very similar in magnitude-in line with the findings of the present study. The results in Ref. 60 confirm that the polarizable and nonpolarizable solvent models lead to very similar magnitudes of the solvent shift in the n → * absorption energy. The absolute n → * excitation energy of acrolein in gas phase is reproduced at the DFT level with satisfactory agreement with the experimental value. 55, 56, 61 The theoretical studies of the → * electronic excitation of acrolein in aqueous solution are much more scarce. Up until now, this transition was studied by using only supermolecular or continuum type solvent models. In agreement with our findings, the SCF and PBE0 based solvent shifts in the → * excitation energy are severely underestimated as compared to experimental data, as seen in Table X . A rather good performance of the MR-CISD + Q / COSMO approach in the calculation of the solvent shift is found, although the absolute excitation energies are severely overestimated. As demonstrated in Refs. 54, 55, and 57 and the present study, the vertical → * electronic excitation energy of acrolein both in vacuum and aqueous solution is a challenging case for electronic structure theory and theoretical solvent models. However, this system serves as an ideal probe for testing the accuracy and reliability of computational approaches.
IV. SUMMARY
The main objective of this study is to investigate the performance of different electronic structure methods, primarily the DFT xc functionals, to predict solvatochromic effects. We have considered the HF method and three xc functionals B3LYP, PBE0, and CAM-B3LYP and we use the high-level CCSD model as a theoretical reference. For all electronic structure methods considered, we use a sophisticated solvent model based on the combined QM/MM methodology together with dynamical averaging over the molecular configurations dumped in the classical MD simulation. In the QM/MM calculation, we use either polarizable or nonpolarizable force fields. As a test system, we have chosen the challenging case of acrolein in aqueous solution and we consider the solvatochromic effects on the vertical n → * and → * electronic absorption energies in this molecule. We also compare theoretical predictions to the experimental data. In addition to the previously published experimental results, we have carried out new experimental UV measurements of acrolein in vapor phase and water solution.
The main conclusions of this work can be summarized as follows:
• The vertical n → * electronic absorption energies of acrolein in the vapor and liquid phases were measured to be 3.69 and 3.94 eV, respectively, in excellent agreement with previously published experimental data. This implies a gas-to-aqueous solution shift in the n → * transition of 0.25 eV. The maximum intensity in the → * absorption of acrolein in aqueous solution was observed at 5.89 eV and compares well with the previously reported value of 5.90 eV. Due to technical issues, we were not able to record the → * absorption spectrum of gaseous acrolein.
• The n → * and → * excitation energies of acrolein were found to be well converged by using the aug-cc-pVDZ basis set at the HF, DFT, and CCSD levels of theory. The effect of the triples excitations in the CC expansion was found to be substantial in the calculation of the excitation energies. For very accurate results, the necessity of highly accurate, e.g., CCSD͑T͒ based, molecular geometries is stressed.
• All three xc functionals considered provide very similar results for the solvent shifts in the n → * excitation energy and compare well to the corresponding CCSD predictions and experimental data. The HF approach, however, gives severely overestimated n → * solvent shifts as compared to CCSD and experiment.
• The HF, B3LYP, and PBE0 methods severely underestimate the solvent shift in the → * absorption energy as compared to CCSD results. When explicit water molecules together with acrolein were quantummechanically considered at the B3LYP or PBE0 level, a severe mixing in the order of the states was observed within the molecular configurations. The B3LYP and PBE0 functionals are not capable of describing the → * and other high-lying excitation energies of acrolein in aqueous solution. The CAM-B3LYP functional is found to provide the solvent shift in the → * transition in very good agreement with CCSD.
• The solvent shift in the n → * absorption energy is essentially of electrostatic origin. In contrast, the magnitude of the → * excitation energy in solution was found to be strongly dependent on the nonelectrostatic intermolecular interactions. The → * excitation energy exhibits very slow convergence with respect to the number of water molecules together with acrolein quantum-mechanically treated.
• The solvent shifts in the n → * transition obtained by using polarizable or nonpolarizable water potentials are very similar in magnitude and are slightly larger in the case of the latter. In contrast, considerably larger solvent shifts in the → * excitation energy are found by using the polarizable water potential, indicating the importance of explicit consideration of intermolecular induction in this case.
• Our best estimate for the solvent shift in the → * excitation is obtained by treating acrolein and the 12 closest water molecules at the CAM-B3LYP level and applying the SPCpol potential for the classical water molecules. This shift is equal to −0.46Ϯ 0.01 eV, compared to the experimental result of −0.52 eV.
